Abstract Alzheimer's disease (AD) is an age-dependent neurodegenerative disorder associated with progressive loss of cognitive function. 2-[
Introduction
Alzheimer's disease (AD), the leading cause of dementia in the elderly, is a neurodegenerative disorder characterized by an insidious onset and progressive declines in memory, attention, and language. At present, AD affects approximately 10 % of individuals 65 years of age, with the prevalence doubling every 5 years up to age 80, above which the prevalence exceeds 40 % [1] .
Longitudinal studies of normal individuals who go on to develop AD show that there is a somewhat abrupt transition in cognitive symptom decline between the preclinical stage and the early stage of AD. Gradual cognitive decline in the preclinical stage reaches an inflection point that gives way to a comparatively steep loss of cognitive abilities, which is the hallmark of clinical AD. Typically, the relatively rapid loss of cognitive abilities is what leads family members or caregivers to bring patients in for evaluation. By the time patients come in for diagnosis, too much irreversible brain damage may already have occurred for any treatments to be effective. Interventions, once developed, ideally would be implemented long before symptoms occur. While risk factors such as apolipoprotein E (ApoE) e4 genotype and family history have been identified, their predictive value remains to be established, and their presence may not be enough to justify the potential risks of medical interventions (as they become available) in non-symptomatic individuals. Therefore, another major goal in AD research is the identification of diagnostic markers, especially for the preclinical stages of disease when symptoms are not yet clinically relevant, such as in at-risk individuals.
Currently, a definite diagnosis of AD can only be made by neuropathology, which is regarded as the gold standard, and is based on post-mortem detection of specific pathological lesions: amyloid-beta (Aß) plaques in the extracellular space and blood vessels, intracellular neurofibrillary tangles (NFT), and neuronal and synaptic loss in specific brain regions [2] [3] [4] . Changes in brain histopathology, and consequently in brain structure and function, are known to precede the signs and symptoms of the disease by many years. AD pathology and associated neurodegeneration are estimated to begin 20-30 years before any clinical manifestations of the disease become evident [2] [3] [4] . Neurodegeneration is the umbrella term for the progressive loss of structure or function of neurons, including death of neurons. Many neurodegenerative diseases, including AD, occur as a result of neurodegenerative processes. Plaques and tangles have long been considered upstream events in AD, leading to subsequent neurodegeneration and neuronal apoptosis. According to a popular theoretical model in AD, the ''amyloid cascade hypothesis'', Ab plaques increase during the preclinical phase of AD, causing synapse loss and neuronal death [5] . However, other mechanisms such as oxidative stress are known to boost neurodegeneration, and may precede and promote Aß plaque deposition [6] , thus having as strong an impact as pathological lesions. The central role for Aß in AD is strongly supported by studies of the rare early-onset (\60 years) forms of familial AD, which are caused by mutations in the amyloid precursor protein (APP), presenilin 1 and presenilin 2 genes, and are found in large multigenerational families with an autosomal dominant pattern of disease inheritance. These aspects have been discussed in countless publications (see, among others, [5, [7] [8] [9] [10] ). However, it is less clear whether Aß dysmetabolism is an upstream event also for the more common, lateonset form of AD (LOAD), which accounts for almost 99 % of all AD cases. This review explores the possibility that oxidative stress and resulting glucose dysmetabolism are major key players in at least some LOAD cases, while not discounting the role of Ab and tau pathology [11] [12] [13] [14] [15] [16] . For more information about the genetics of AD, including genetic risk factors for LOAD such as ApoE genotype, as well as a review of early-onset AD studies, please see the chapter by Nacmias et al. in this issue.
Some decades ago the widely accepted paradigm was that people with AD pathology had dementia and people without AD pathology did not. This simple division started blurring when pathology studies revealed plaques and tangles in a sizable fraction of elders who had died with their cognition intact, and that the number, density, and location of amyloid plaques were not particularly correlated with either symptoms or severity of AD [4, 17] . Biomarker and longitudinal aging studies of the past 20 years swept aside this old binary view in favor of a more complex and dynamic picture. At present, the prevailing view is that both pathological and clinical changes occur gradually over time, and that while there can be no clinical symptoms without AD pathology, there may be AD pathology without clinical symptoms. The presence of neurodegeneration, rather than plaques and tangles, is best associated with the onset of cognitive deficits in AD [18] . It has become increasingly clear that AD is a polygenic and multifactorial disease, which may include different pathogenetic mechanisms that nonetheless result in similar clinical outcomes. The following paragraphs explore this possibility, initially discussing the link between AD pathology and neurodegeneration, and focusing on the metabolic pathways involved in neuronal function and bioenergetics, and then discussing the relationship between glucose metabolism, oxidative stress and AD. There will then follow a summary of positron emission tomography (PET) imaging of brain glucose metabolism in AD and a discussion of recent findings of selective reductions of PET brain glucose metabolism in adult children of mothers, but not fathers, affected by LOAD. These data led to the discovery of a maternally inherited AD endophenotype characterized by progressive brain hypometabolism, increased amyloid load, atrophy, and oxidative stress. Finally, given the connection between glucose metabolism and mitochondria, and the fact that mitochondrial DNA (mtDNA) is maternally inherited in humans, it is argued that altered bioenergetics may be an upstream event in individuals with a maternal family history of AD.
Alzheimer's disease and bioenergetics
Highly metabolic neurons are affected early in Alzheimer's disease The brain regions experiencing the earliest changes in AD are the medial temporal lobe (MTL) structures, entorhinal and perirhinal cortex, and hippocampus [2, 3, 19] . In the neocortex, the pyramidal cells anatomically connected to the entorhinal cortex and the CA1 and subiculum regions of the hippocampus are particularly prone to NFT formation and degeneration, whereas primary sensorimotor and occipital areas and the cerebellum exhibit minimal pathology and neuronal loss [2, 3, 19] . Disruption of the pyramidal neurons in the perforant path is thought to disconnect the hippocampus from the rest of the cortex, strongly contributing to the decline in memory observed in early AD [18] . Despite a predilection for the neocortex early on, Aß depositions are also found in the MTL at later stages of disease [19] . Soluble Ab oligomers disrupt longterm potentiation and reduce synaptic plasticity in the hippocampus early in the course of the disease [5] . The medial temporal regions and functionally connected neocortex are most affected in AD, but the pathology is not uniform, nor does it affect all cell types. Despite recent advances in our understanding of the molecular basis and pathophysiology of neurodegenerative disorders, the problem of selective neuronal vulnerability has proved difficult to solve. Why is the hippocampus initially affected in AD? Why and how does neuronal death spread to other brain regions as the disease progresses?
Recent advances have begun to show how cellular and molecular changes that occur during normal aging render neurons vulnerable to degeneration, and how disease-specific genetic and environmental factors determine which neurons succumb and which are resistant to advancing pathology. The physical and molecular characteristics of neurons, their functional properties, and their location in neural circuits are all likely to influence their fate during aging (for reviews, see [13, 18] ). Large projection neurons with relatively long axons are most damaged in AD. These neurons have three main characteristics:
1. They have high energy requirements. These neurons have high metabolic rates. As such, their functionality is directly dependent on glucose availability and utilization. 2. They rely primarily on axonal transport for functional support (anterograde and retrograde). The axons of cortico-cortical projection neurons travel long distances, which makes these neurons more prone to receiving multiple insults and more sensitive to cytoskeletal dysfunction [13, 18] . 3. They have a large cell-surface area. This increases exposure of the cells to toxic environmental conditions.
Normal synapse function requires a multitude of coordinated mechanisms, including generation of gene products responsible for the formation and maintenance of membrane complexes; synthesis and delivery of mRNAs, proteins, and transmitters; regulation of vesicle trafficking; release and reuptake; and many more. It is implied that, for all these actions to be performed efficiently, sufficient energy substrates must be supplied and utilized. Under normal physiological conditions, the brain relies almost exclusively on glucose as its main substrate for energy production. As there are only minor glycogen stores in the brain, a permanent supply of glucose from the blood stream is necessary to maintain brain function [20, 21] . In the brain, the free energy necessary to drive most cellular reactions is derived from phosphorylation of ATP, which is mostly produced in the mitochondria from the oxidation of glucose under aerobic conditions. Interruptions of the glucose supply cause almost immediate failure of brain function, as can be seen from the rapid loss of consciousness that follows interruption of blood supply to the brain, as due to severe hypoglycemia [22] . Disruptions in glucose metabolism are closely associated with synaptic dysfunction [20, 21] . In keeping with this observation, recent evidence suggests that altered neuronal energy metabolism is a very early change, and a strong correlate of clinical impairment in AD. It is here hypothesized that a deficit in the utilization of glucose, rather than reduced glucose availability, is involved in some LOAD cases, as reviewed below.
Brain glucose metabolism

Molecular basis of glucose metabolism
Brain glucose metabolism is comprised of a series of processes by which glucose is converted into ATP to be used for cellular energy: glycolysis in the cytoplasm, Krebs cycle and oxidative phosphorylation in the mitochondria. As shown in Fig. 1 , under aerobic conditions, glucose is transported, by glucose transporters, from blood to tissue where it is phosphorylated into glucose-6-phosphate (G-6-P) by the hexokinase and glucokinase enzymes; it is then further metabolized down the glycolytic pathway until it is reduced to pyruvate. Pyruvate then enters the mitochondria to undergo further enzymatic degradation under oxidative phosphorylation (OXPHOS). OXPHOS is the process that accounts for the high ATP yield by the cells, and it is essential to the maintenance of cellular homeostasis and function. Pyruvate combines with oxygen to form an acetyl group, releasing carbon dioxide. The acetyl group (CH 3 CO) is then combined with coenzyme A as acetyl coenzyme A, and enters the Krebs cycle. During this series of reactions, each acetyl group is oxidized to form two molecules of carbon dioxide, and the energy released is transferred to four electron carrier molecules that form the electron transport chain (ETC, i.e. mitochondrial respiration). The ETC and OXPHOS are two linked processes, occurring in the mitochondrial inner membrane (IMM), that allow the mitochondria to reoxidize NADH to NAD inducing a proton gradient from the matrix to the intermembrane space. This proton gradient is used by F 0 F 1 -ATP-synthase (Complex V of the ETC) to produce ATP via OXPHOS of ADP to ATP. The hydrolysis of ATP is subsequently used to drive almost every energy-requiring reaction in the cell. Although electron transport occurs with great efficiency, a small percentage of electrons are prematurely leaked to oxygen at the ETC Complex I and III steps, resulting in the formation of reactive oxygen species (ROS), including free radicals and peroxides. Oxidative stress is caused by an imbalance between production of ROS and the cell's ability to detoxify them [15] . The generation of ROS, due to their reactions with macromolecules, can lead to immediate oxidative damage of cell lipids, proteins, and DNA, which eventually results in neuronal damage and death [13, 15, 16] . Therefore, reduced activity of one or more of the ETC enzymes could compromise ATP synthesis and increase production of ROS, with damage to neurons. In particular, impaired Complex I and III functioning affects the activity of Complex IV (COX), the mitochondrial enzyme responsible for the activation of oxygen for aerobic energy metabolism [23] . COX is localized primarily in mitochondria near excitatory synapses in neuronal dendrites, and its activity is closely linked to the regulation of glucose metabolism in the synapses and the production of ATP in mitochondria [23] . Impaired COX activity can lead to both reduced oxidative metabolism and increased production of ROS.
Oxidative stress and altered glucose metabolism in Alzheimer's disease Altered oxidative metabolism in AD was noted as far back as 1965 [24] . Since then, several studies have confirmed the presence of severe oxidative stress in brain tissue, blood platelets, and fibroblasts in AD. At post-mortem, there is evidence for extensive oxidative stress in AD brains, in which basically all cellular macromolecules (protein, DNA, lipids) are found in an oxidized form [25] [26] [27] . Oxidative stress is most prominent in the brain regions showing degeneration in AD, particularly in the form of reduced COX activity in the parieto-temporal, frontal and posterior cingulate cortices, and hippocampus [25] [26] [27] . Several in vivo studies of peripheral markers have shown that levels of ETC enzymes, particularly COX activity, are severely reduced in blood platelets and fibroblasts in AD and in patients with mild cognitive impairment (MCI), often a prodrome to AD, compared with controls [27] [28] [29] [30] .
Lipid membrane peroxidation is another early event following ROS increases; it derives from oxidative degradation of polyunsaturated fatty acids in cell membranes. Lipid peroxidation products of arachidonic acid and docosahexaenoic acid are most prominent in the hippocampus and association cortex in AD. Increased isoprostane levels, a marker of lipid membrane peroxidation, are found in brain regions vulnerable to NFT formation. Isoprostanes correlate with the extent of neurodegeneration in AD, and increases in this biomarker precede Aß deposition in transgenic animals [6] .
Overall, these studies provide evidence for peripheral oxidative stress, such as in blood platelets and fibroblasts that are non-degenerating tissue and should not be affected by central nervous system (CNS) pathology. This suggests that COX reductions may not be simply a secondary, or epiphenomenal, consequence of neurodegeneration, but may instead be an expression of systemic damage in AD. These findings support an alternative to the amyloid cascade hypothesis that has long dominated AD research. It is plausible that mitochondria and cell bioenergetics regulate Aß, and changes in mitochondrial function and cell bioenergetics occur upstream to Aß changes in sporadic AD, at least in some cases [12] . From a mechanistic perspective, perturbed mitochondrial function may promote the processing of APP to amyloidogenic derivatives or Aß itself by increasing free radical production [6, 31] . A deficient energy metabolism resulting from defective mitochondrial function and increased oxidative damage may change the overall oxidative microenvironment during progression of LOAD, disposing neurons to dysfunction and degeneration [14, 15] . The relationship of AD to aging, a process closely related to various aspects of mitochondrial function and integrity, has been used to argue that mitochondria may constitute the apex of biochemical cascades in LOAD [11, 12] . The core assumptions of this model are that a person's genes determine baseline mitochondrial function and durability; this durability determines how mitochondria change with advancing age, and critical changes in mitochondrial function initiate other pathologies characteristic of AD. While placing mitochondria at the apex of an AD cascade remains controversial, it is increasingly recognized that oxidative stress plays an important role. Investigations of oxidative stress and brain glucose metabolism are particularly suited to test this hypothesis in vivo, particularly by means of neuroimaging techniques in combination with mitochondria biochemistry, proteomic, and genomic data.
Positron emission tomography imaging of brain glucose metabolism
The FDG signal: biochemistry and modeling Imaging techniques are invaluable in diagnosing AD, as they are generally non-invasive and relatively easy for patients to tolerate. Among these, PET has long been used in the diagnosis of neurodegenerative diseases. In particular, the development of 2-[
18 F]fluoro-2-deoxy-D-glucose (FDG) in the late 1970s was a major factor in expanding the scope of PET imaging [32] . The FDG tracer is an analog of glucose that couples fluorine-18 ( 18 F) (half-life: 110 min) to glucose. Metabolically active tissues within the body, such as tumors, the brain and heart, are easily visualized with FDG as they take up more glucose than other tissues. The concentrations of imaged tracer reflect tissue metabolic activity, in terms of regional glucose uptake. FDG PET offers the unique capability to both visualize and quantitate the resting-state cerebral metabolic rate of glucose (CMRglc), which is a proxy for neuronal activity [20, 33] and a direct index of synaptic function and density [34, 35] . The FDG PET method was developed on the basis of Sokoloff's landmark autoradiographic studies over 25 years ago [32, 33, 36] and was validated for the human brain by Michael Phelps in 1979 [37] . PET researchers are often asked by molecular and cell biologists what exactly is reflected in the FDG signal. This is a very important question, as the term ''glucose metabolism'', in nuclear medicine and biology, is used to describe rather different substrates. In biology, glucose metabolism is the process by which the carbohydrate is broken down via multiple enzymatic pathways to produce ATP during oxidative phosphorylation, or lactate during anaerobic metabolism. FDG shares a similar beginning, but not the same fate.
After image acquisition, correction for attenuation and scatter, and reconstruction, the FDG PET signal is modeled either using absolute quantitation or by means of 'relative' measurements. As a detailed review of PET kinetic modeling would be beyond the scope of this review, only the essential facts are discussed in what follows, while the reader is referred to the article by Berti et al. in this issue. Absolute quantitation of CMRglc is based on measurement of the accumulation of phosphorylated 2-deoxyglucose in the brain relative to the rate of exposure (the input function) while taking into account the effect of the radiolabeled derivative. The method was first developed with carbon-14-labeled deoxyglucose ( 14 C-DG) and was designed specifically to take advantage of the localization made possible by quantitative autoradiography [33, 38] . The deoxyglucose (DG) method was developed to measure the rates of glucose utilization simultaneously in all structural and functional compartments of the CNS in conscious animals [33] . The use of DG served to isolate the chemical process under study to a well-defined reaction: the hexokinase-catalyzed phosphorylation of hexose, which is the first step in the biochemical pathway of glucose metabolism. The method was subsequently adapted to human brain studies with PET, by labeling DG with 18 F, another gamma emitting isotope [32, 37] . The FDG PET method is based on the identification of three compartments involved in glucose metabolism (Fig. 2) . Glucose is transported bidirectionally from blood to tissue by glucose transporters, mainly GLU1 (found in the blood brain barrier and on astrocytes) and GLU3 (the major nerve glucose transporter) at a specific rate (K 1, mL/g/min). A small amount flows back into the bloodstream (k 2, min -1 ). After transfer to tissue, glucose is phosphorylated into G-6-P by the hexokinase enzyme (k 3 , i.e., phosphorylation rate; min -1 ), and is then further metabolized down the glycolytic pathway to pyruvate. A small amount of G-6-P undergoes dephosphorylation (k 4 , dephosphorylation rate).
FDG is an 18 F-labeled analog of glucose. Its molecular composition is similar to that of glucose except for a missing hydroxide at the second carbon position, which is replaced by 18 F (Fig. 2) . After a bolus injection into the blood, FDG is transported bidirectionally by the same carriers that transport glucose across the blood brain barrier, enters brain tissue, and is phosphorylated into FDG-6-phosphate (FDG-6-P) by the hexokinase enzyme. However, because of the missing oxygen, the following enzyme, glucose-P-isomerase, does not recognize the molecule and FDG-6-P cannot be converted to fructose-6-phosphate (Fig. 2) . FDG-6-P, once formed, remains essentially ''trapped'' in tissue. The three-compartment model with four rate constants is often simplified by assuming that the dephosphorylation rate of FDG-6-P in brain tissue is so low that it can be ignored (k 4 = 0) over a standard acquisition time of 60 min post injection. Therefore, FDG PET measures of CMRglc are based on blood flow, glucose transport, and phosphorylation by the hexokinase enzyme, and as such are restricted to the initial steps in glycolysis, without taking into account any further catabolism down the glycolytic pathway. FDG PET studies are performed after a patient has fasted, so that the endogenous glucose level is relatively constant, which is why the method yields estimates of ''steady-state'' or ''resting-state'' CMRglc. Blood flow and glucose transport are also relatively stable under normal physiological conditions and, therefore have limited impact on CMRglc determination, which is mostly dependent on the phosphorylation rate. The net rate of glucose phosphorylation can be calculated by the operational equation:
where R i is the metabolic rate of glucose, C i * represents total concentration of 18 F in a homogeneous tissue in the brain; C p and C p * are the 18 F-FDG and glucose concentrations in arterial plasma, respectively; T is the duration of the experimental period following the pulse of tracer and t is the variable time; K 1 * and k 2 * are the rate constants for carrier-mediated transport of FDG from plasma to tissue and back again, respectively; k 3 * is the rate constant for phosphorylation of 18 F-FDG by hexokinase; k equals the ratio of the distribution spaces of deoxyglucose and glucose in the tissue; U equals the fraction of glucose which, once phosphorylated, continues down the glycolytic pathway; V m and K m represent the maximal velocity and Michaelis-Menten constant of hexokinase for glucose, and V m * and K m * are the equivalent kinetic constants of hexokinase for 18 F-FDG. In a simplified form, resting-state CMRglc is defined as the concentration of glucose in plasma (i.e., glycemia) divided by the lumped constant (LC), and multiplied by the metabolic rate of FDG (K i ) (Fig. 2) . K i is defined as the product of forward transport and phosphorylation rates (K 1 9 k 3 ) divided by the rate of backward transport plus the phosphorylation rate (k 2 ? k 3 ). The LC accounts for the differences in transport and phosphorylation rates between D-glucose and 2-fluoro-2-deoxy-D-glucose, and is used to transform the FDG uptake rate to glucose uptake rate [33] . CMRglc is expressed as micromoles (lmol), or milligrams (mg), of glucose metabolized by 100 g of tissue per minute (lmol/100 g 9 min -1 ). While the above-mentioned operational equation remains the basis for all subsequent work in FDG modeling, substantial refinements to the method were achieved in later years [39] [40] [41] [42] . For a detailed discussion on kinetic modeling, please see the article by Berti et al. in this issue.
In a steady state, the net rate through any step in a pathway equals the net rate through the overall pathway [20, 33, 38] . Therefore, by measuring the net rate of glucose phosphorylation in vivo, the FDG method yields the net rate of the entire glycolytic pathway in a steady state [20, 32, 33, 37, 38] . However, there is no information on whether glucose is eventually converted to ATP in mitochondria, turned into glycogen or lactate, or taken up in the pentose shunt.
Absolute quantitation vs. simplified measurements
Image data can be acquired in different ways and finding the best model to describe the tracer kinetics continues to be a lively area of research. The two principal FDG PET measurements are quantitative and non-quantitative (i.e., relative).
Quantitative measurements
These measurements are called 'quantitative' or 'absolute' as they are expressed as glucose metabolism units, i.e., micromoles of glucose taken up by 100 g of tissue per minute (lmol/100 g/min). Quantitative measures can be derived using two main kinds of kinetic models, ''compartmental'' and ''non-compartmental''. Compartmental models describe the movement of the tracer between 'compartments' such as blood and the brain. The ''fully dynamic'' model is the ''gold-standard'' in PET studies and involves the simultaneous assessment of FDG kinetics in the brain and blood [37] . This is achieved via a dynamic acquisition of PET frames from the time of injection till 60 min post injection, and synchronized arterial plasma sampling throughout the time course of the study. Modeling is performed by plotting the time-activity curve of FDG concentration in brain and plasma to determine the rate at which the tracer is taken up by the brain and how rapidly it accumulates or clears, as reflected in the estimated kinetic rate constants K 1 , k 2 , and k 3 . In contrast, ''non-compartmental'' kinetic models, also known as graphical analysis, generate estimates of the overall tracer metabolism instead of individual rate constants. Because of the invasive nature of arterial sampling, the complexity of analyzing metabolites in plasma, and the need to keep patients in the scanner for 60 min without moving, very few centers perform fully dynamic FDG PET studies in AD Fig. 2 Theoretical basis of FDG method of measuring local cerebral glucose utilization using a compartmental model. FDG and glucose (Glc) compete for the carriers that transport both between plasma and tissue (GLU1 and GLU3) and across the blood brain barrier (BBB), and for the hexokinase enzyme that phosphorylates them to their respective hexose 6-phosphates (Glc-6-P and 18 F-2DG-6-P). The dashed arrow represents the possibility of glucose-6-phosphate (Glc-6-P) hydrolysis by glucose-6-idromerase activity, in which case the molecule proceeds down the glycolytic pathway to pyruvate. 18 F-FDG-6-P is not further oxidized and remains trapped in tissue. In the theoretical model, C P represents the total concentration of glucose in arterial plasma, C E represents glucose concentration in the precursor tissue pool that serves as substrate for hexokinase, and C M represents glucose concentration in tissue. The constants K 1 , k 2 , and k 3 represent the rate constants for carrier-mediated transport of glucose from plasma to tissue, for carrier-mediated transport of glucose back from tissue to plasma, and for phosphorylation by hexokinase, respectively. The same model is applied to FDG. The metabolic rate of glucose (R i ) is estimated as a function of FDG concentration in plasma (C P 0 ), the lumped constant (LC), and the metabolic rate of FDG [(K 1 9 k 3 )/ k 2 ? k 3 )]. While the three-compartment model includes four rate constants, it is often simplified by assuming that the dephosphorylation rate of FDG-6-phosphate in brain tissue (k 4 ) is so low that it can be ignored (k 4 or in the elderly. The fully dynamic method has been used to develop and validate simplified FDG PET analysis methods that, while retaining the ability to yield quantitative CMRglc measures, overcome some of its limitations. Among these, the Gjedde-Patlak plot [43] and Sokoloff's autoradiographic model with population-based rate constants [33] yield quantitative CMRglc estimates while overcoming the need to acquire a full dataset.
Non-quantitative measurements
As an alternative to invasive kinetic modeling, simplified reference-tissue techniques have been developed to avoid blood sampling and to reduce scanning time, making the procedure more tolerable. These methods are helpful especially for large clinical trials and for patients with severe dementia. The most common among these methods, used particularly in oncology, is based on calculation of the standardized uptake value (SUV), a measurement of radioactive emissions localized to tissue normalized to the injected dose and patient body weight. Normalization of the PET signal to the injected dose can be readily performed on clinical PET scans to generate SUV images for visualization and clinical reading. To facilitate comparison over time and between subjects, a similar concept is employed by normalizing volumes or voxels of interest to a reference value, which is typically either whole-brain activity or activity of a region relatively unaffected by the disease process or drug intervention. This generates what is called a standardized uptake value ratio (SUVR), which is commonly used in clinical practice and also widely applied in research studies. Alternatively, for research studies, FDG count (i.e., signal intensity, mCi) in a reference region is typically modeled as a continuous variable and controlled for as a covariate using linear regressions by means of proportional scaling. These measures are 'relative' in nature since metabolic activity in a target region is estimated relative to a reference region. All these methods have advantages and disadvantages. Quantitative measures are invasive and computationally challenging, but are the closest to actual CMRglc. As such, they are particularly suitable for longitudinal studies and for characterizing the magnitude of CMRglc changes after drug interventions. When only localization of metabolic deficits is the main purpose of the study, e.g., localization of a tumor or of hypometabolic regions, quantification may be unnecessary [44, 45] . Relative measurements are noninvasive and thus more easily applicable to clinical settings. However, relative measures are not linearly related to absolute measures and are, therefore, not proportional to CMRglc. The method is, therefore, highly dependent on the choice of reference region, which should not only remain metabolically stable over time but should also be unaffected by the disease process. This makes the method less reliable for severe dementia cases, for making comparisons between individuals, and for longitudinal examinations; indeed, relative measures, while helpful for visualization of hypometabolic regions, do not provide reliable information on the magnitude of the deficit. This method is instead particularly suitable for routine clinical PET interpretation of individual cases, especially thanks to the development of several well-validated, observer-independent, voxel-based methods. The most widely used FDG PET analysis methods for neurology research include, among others, Neurostat (University of Washington, Seattle) [46] [47] [48] [49] [50] , the T-SUM tool implemented in PMOD [51] , hypometabolic convergence indexes [52, 53] Overall, these techniques use image warping and spatial normalization procedures to enable voxel-based comparison of a patient's scans to a normative reference database, and yield statistical maps depicting deviations from norms at the individual voxel level, on a subject-by-subject basis. This facilitates detection of specific regional patterns of abnormalities in an automated and observer-independent fashion, thus overcoming some of the limitations of traditional visual inspection of scans. Voxel-based single-subject analysis yielded high sensitivity and specificity for the diagnosis of AD vs. controls and other dementias, as well as in the prediction of progression from MCI to AD dementia [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
What does the FDG PET signal represent at tissue level?
As the resolution of modern PET scanners varies between 2 and 7 mm, the technique does not provide information on metabolic activity at molecular level, but rather at tissue level. From a physiological standpoint, FDG PET is best suited to visualize changes in metabolism in anatomically and functionally defined regions, for several reasons. First, under normal physiological conditions, regional cerebral glucose utilization (rCMRglc) is coupled to regional cerebral blood flow (rCBF). Using a double-tracer autoradiographic technique with 2-deoxy-glucose to determine rCMRglc and radiolabeled iodoantipyrine to measure rCBF, several studies demonstrated a close relationship between the two measures in preclinical studies [21, [58] [59] [60] . Similar results were obtained in humans using PET with oxygen-15-labeled water (H 2 O 15 ) for the measurement of rCBF [61, 62] . However, while the coupling between blood flow and glucose metabolism is likely to hold in neurodegeneration, H 2 O 15 PET may not be as accurate as FDG PET for diagnosing AD [63] .
Second, any increase in neuronal activity leads to an increase in rCBF, and the adjustment of rCBF to changes in neuronal activity occurs within a few seconds [64, 65] . Changes in rCBF are thought to be neurogenically mediated vascular responses in preparation for an altered metabolic demand. While some authors reported that physiological stimulation was accompanied by increases in glucose uptake and blood flow without parallel increases in oxygen consumption [64, 66] , there is general agreement about the relationship between rCMRglc, rCBF, and oxygen consumption at rest [21, 61, 62, 64, 65] . In the resting brain, oxygen is almost entirely used for oxidation of carbohydrates and functional metabolism (i.e., ATP production) with only a small fraction being needed for structural metabolism, including synthesis of glycogen in glial cells (2 %), nucleotides and lipids (5-10 %), and proteins (0.5 %) [21] . Therefore, under normal aerobic conditions, the glucose metabolism needed for ATP production increases proportionally to neuronal activity. Further evidence of a direct relationship between CMRglc and neuronal activity comes from studies that examined the effects of electrical stimulation on glucose consumption and showed an almost linear increase in glucose utilization with increasing frequency of stimulation [20, 21, 67, 68] . The opposite effect was also observed in sensory deprivation and pharmacological studies, in which decreases of functional activity led to reduced rates of glucose utilization [20, 58] .
Third, a multitude of activation studies have shown that rCBF and rCMRglc increase in response to external stimulation in the brain regions responsible for the execution of a specific cognitive process. For example, rCBF and rCMRglc increase in the auditory cortex of individuals listening to music or sounds, and in the visual cortex after exposure to visual stimuli [69] [70] [71] [72] .
Finally, although it is widely accepted that CNS energy production is based almost exclusively upon the oxidation of glucose, there is a debate over exactly which cells, neurons or glia, are consuming the carbohydrate, and what work the energy is being used to support [35, 73, 74] . While glial cells outnumber neurons ten to one, most ATP is probably used by neurons to reverse ion fluxes associated with action potentials and excitatory postsynaptic currents. It has been estimated that as much as 70 % of the energy derived from glucose oxidation is required to convert glutamate, the major neurotransmitter in the brain, to glutamine during glutamatergic transmission [35] . Therefore, the FDG PET signal mostly reflects excitatory neurotransmission. However, some studies have suggested that, during periods of elevated neuronal activity, only glia cells take up glucose and convert it to lactate via glycolysis. The lactate is then taken up by neurons and converted to pyruvate, which enters the citric acid cycle followed by oxidative phosphorylation [74] . Although this hypothesis remains to be confirmed, glial cell activity may account for up to 15 % of oxidative cerebral glucose utilization. The link between glucose consumption and glutamate neurotransmission and recycling does not seem to be heavily dependent on the relative contributions of astrocytes and neurons to oxidative glucose consumption. In conclusion, glucose utilization as measured with FDG PET reflects mostly excitatory neuronal activity in brain tissue.
Overall, FDG PET images provide a visual and quantitative depiction of neuronal activity at tissue level and can be used to detect regional hypometabolism in disorders affecting brain function such as AD.
FDG PET studies in the aging brain and Alzheimer's disease
Alzheimer's disease FDG PET studies have proved quite successful in diagnosing AD. On FDG PET, AD is characterized by a specific regional pattern of CMRglc reductions in the parietotemporal cortex and posterior cingulate cortex (PCC) [49, 51, 75, 76] (Fig. 3) . As the disease progresses, the frontal association cortices become involved, while the cerebellum, striatum, basal ganglia, and primary visual and sensorimotor cortices remain preserved [75, 77] . This in vivo pattern of hypometabolism is found in the vast majority of clinically diagnosed AD patients and in over 85 % of pathologically confirmed AD cases [76] . Despite some overlap, the characteristic AD pattern of CMRglc reductions yields high sensitivity in distinguishing AD from controls and from other neurodegenerative dementias [50, 51, 76] . The method yields high discrimination accuracy in patients with mild dementia as well as moderate-to-severe dementia [50, 51, 76] . Additionally, we and others have shown reduced metabolism and perfusion in the MTL (i.e., hippocampus, entorhinal and perirhinal cortex) of AD and MCI vs. controls [50, [78] [79] [80] [81] [82] [83] . Findings of MTL hypometabolism are consistent with post-mortem and in vivo MRI observations that neuronal dysfunction begins in these regions, areas critically involved in the neural control of memory functions, and then spreads to the PCC, parietotemporal and frontal cortices later in the course of disease, in keeping with the progression of clinical symptoms [2, 3, 18, 19] . Studies have shown disconnection between histopathologically affected MTL regions and functionally associated areas, as well as reduced connectivity between the hippocampus and PCC/precuneus in normal (NL) elderly harboring Ab burden [84] [85] [86] . While the MTL are not widely inspected in the FDG PET work up of AD dementia, these findings have implications for the pathophysiology of AD. A lack of MTL hypometabolism findings in AD might be due to biological, technical, and image analysis issues. It is possible that high synaptic density of temporo-parietal association cortex and PCC cortex would facilitate detection of glucose hypometabolism in these regions as compared with the MTL structures, which are rich in cell bodies but relatively poorer in terms of synaptic density [87] . For a discussion on the use of different image analysis tools to detect hippocampal hypometabolism, please see, among other papers [75, 82, 87, 88] .
With age, the brain undergoes both structural and functional alterations, probably resulting in reported cognitive declines. Relatively few investigations have sought to identify those areas that remain intact with aging, or undergo the least deterioration, and that might underlie cognitive preservation. In contrast to the AD-typical hypometabolic pattern, so-called normal aging has been associated with mild metabolic decreases in regions such as the lateral and medial frontal cortex, and anterior cingulate B a 70-year-old AD patient with mild dementia; C a 75-year-old AD patient with severe AD. FDG PET scans are standardized uptake value ratios (SUVR) to pons (range 0.5-2). Regional hypometabolism is evident in the parieto-temporal regions of both AD patients compared with the control subject and is more pronounced in the severe AD than in the mild AD case. b 3D statistical surface projection (SSP) maps and corresponding Z scores of the three representative cases shown in the (a) (A-C). 3D-SSP maps showing reduced FDG uptake relative to a reference database are displayed on a color-coded scale ranging from 0 (black) to 4 (red). From left to right: 3D-SSP maps are shown on the right and left lateral, superior and inferior, anterior and posterior, right and left medial views of a standardized brain image. The pons was used as the reference region (color figure online) cortex, but not with posterior brain changes [51, 89, 90] . Across several studies, the most consistent finding in normal aging is decreased frontal metabolism, while temporal, parietal, and occipital lobe metabolism varies considerably among subjects within the same age group as well as over decades [89, 90] . A large multicenter study directly comparing regional patterns of dementia-associated metabolic impairment and age-related decline in NL elderly showed that these patterns are quite distinct [51] . Even within the frontal cortex, normal aging had its largest effect in medial frontal regions, whereas AD-related changes occurred mostly in the lateral frontal cortex [51] . This suggests that AD is a disease process distinct from normal aging, with differences in regional patterns of glucose metabolism suggesting a substantial difference in the underlying pathophysiology [51] . Additionally, many neuropsychological studies have demonstrated age-related performance alterations in tests thought to reflect frontal and temporal lobe function, although there is little direct comparison of these hypothesized brain changes in vivo [91] . An FDG study of young (mean age 28 years) vs. late middle-aged to old (mean age 68 years) NL individuals showed age-related metabolic reductions in several frontal and temporal lobe regions [91] . The reductions ranged from 13 to 24 %, with the greatest changes occurring in the frontal lobes, especially the dorsal lateral frontal regions [91] . An elegant study comparing FDG and MRI in normal aging confirmed findings of predominant structural and functional deterioration of the frontal cortex, whereas the hippocampus, thalamus, and PCC were the least affected [92] . Relative preservation of the PCC and hippocampal regions was proposed as the parting of the ways between normal aging and AD, as the latter is characterized by early and prominent deterioration of both structures [92] .
An interesting finding is that clinical AD symptoms essentially never occur without CMRglc decreases, the extent of which is related to the severity of the cognitive impairment [93, 94] . The AD pattern of glucose hypometabolism expands and worsens as clinical deterioration emerges. The hypometabolism that develops during the earliest stages in the MTL is concordant with the episodic memory deficits in AD that occur early in the disease [79, 80] . Expansion of hypometabolism to the parietal cortices has been associated with the visuospatial orientation deficits that contribute to debilitation [95] . Hypometabolism in the anterior cingulate occurs relatively early and has been correlated to the apathy that many patients experience [96, 97] . The deficits in the frontal cortex that become most notable later in the disease are consistent with the gradual loss of executive function [98, 99] .
Due to its early sensitivity, FDG PET has been used to detect regional hypometabolism consistent with AD in non-demented individuals who would go on to develop AD. A few longitudinal FDG PET studies of NL elderly subjects monitored the progression of some to AD and to MCI, often a prodrome to AD [100] compared with others who remained normal. These studies showed that CMRglc reductions in AD-vulnerable regions precede the onset of dementia by many years [79, 80, [101] [102] [103] and predict decline from normal cognition to MCI and AD with over 80 % accuracy [79, 80] . In particular, PCC hypometabolism has consistently emerged as one of the main and earlier diagnostic findings in AD, and it also accurately predicts conversion from MCI to AD [46, 49, 76, [104] [105] [106] . Across AD patients, metabolic impairments seem to be more narrowly and consistently localized in the PCC/ precuneus than in the more extended frontal and temporoparietal association cortex, which could be the reason why maximum reduction in early AD is found there by parametric mapping [48, 49, 51] . It is worth noticing that the PCC is known to undergo early oxidative stress in AD, as reflected in a decrement of cytochrome oxidase, with progressive reduction within the superficial laminas linked to disease duration [107] . A recent genome-wide transcriptomic study showed that PCC hypometabolism on FDG PET may be associated with reduced neuronal expression of nuclear genes encoding subunits of the mitochondrial ETC [108] . Progressive CMRglc reductions in the PCC and other AD-vulnerable regions were observed years before clinical symptoms in a clinico-pathological series of subjects followed with longitudinal in vivo FDG PET scans from normal cognition to clinical diagnosis and post-mortem confirmation of AD [102] . Additionally, several studies pioneered by Reiman et al. have provided compelling evidence for FDG PET abnormalities in nondemented, as well as impaired ApoE e4 carriers vs. noncarriers [109] [110] [111] . For more information about PET findings related to ApoE e4 status, please see the chapter by Nacmias et al. in this issue. More work is needed to establish how early FDG PET deficits become detectable in the course of the disease.
Nonetheless, published studies support the use of FDG PET in the early detection of AD and, thanks to the method's high sensitivity, regional hypometabolism in ADvulnerable brain regions has been proposed as an endophenotype of AD. When a particular trait or biomarker typically found in conjunction with a disease is detected in persons who do not have the disease, the presence of that trait or biomarker is said to constitute an endophenotype [12] . While an endophenotype state does not mean that carriers will develop the full-blown disease, it indicates that they carry an increased risk compared with persons without the endophenotype [12] . FDG PET studies led to the identification of an AD endophenotype in still asymptomatic individuals at risk of developing the disease by virtue of having an AD-affected parent, especially those whose mothers had the disease. Evidence for a maternal link to LOAD further strengthens the notion that mitochondria-induced oxidative stress and metabolic impairments may be a primary promoter of neurodegeneration in at least some forms of LOAD, as reviewed below.
Detection of AD-related hypometabolism in asymptomatic individuals
Having a first-degree family history of LOAD is a major risk factor for developing the disease [112, 113] . However, the biological mechanisms through which a family history of AD confers risk to offspring are largely unknown. Recent FDG PET studies revealed that adult children of AD-affected mothers are more likely to express an AD endophenotype than adult children of AD-affected fathers. As parent gender effects on brain function had not been explored prior to publication of FDG PET reports, these findings set the stage for the exploration of a newly identified risk factor for AD (Fig. 4) .
The first FDG PET study to show a ''maternal effect'' in AD used state-of-the-art full dynamic modeling with arterial input functions and showed that CMRglc was significantly lower in NL elderly with a maternal family history of AD (FHm) compared with those with a paternal family history (FHp) and with controls with a negative family history of AD (FH-) [114] . CMRglc reductions in FHm individuals involved the brain regions typically affected in clinical AD patients and ranged from 8 % in frontal cortex to 27 % in the PCC. No CMRglc differences were found between the FHp and FH-groups [114] . A subsequent 2-year longitudinal FDG PET study in NL individuals showed that CMRglc reductions over time are more severe in FHm than in FHp and FH- [115] .
A further FDG PET study investigated whether CMRglc deficits in NL FHm are associated with advancing maternal age at birth [81] . Examination of a large sample of NL individuals with quantitative FDG PET scans showed that CMRglc in AD-vulnerable regions negatively correlated with maternal age at birth only in the FHm group [81] . In contrast, CMRglc was not influenced by maternal age at birth in FHp and FH-subjects. Advanced paternal age was not significantly associated with metabolism in any group [81] . It is known that maternal age has an impact on female reproductive capacity, possibly due to mitochondrial physiology. Oocyte quality is determined primarily by the FHp and FH- [114, 120, 125, 126] . Statistical maps were obtained using voxel-based morphometry for MRI, and PET voxel-based analysis for FDG and PiB PET as implemented in Statistical Parametric Mapping (SPM) level of metabolism and, therefore, by mitochondrial physiology [116] . In general, a physiologically normal level of free radical production, when extended over a 30-to 40-year period, could damage the oocyte mitochondrial DNA (mtDNA) sufficiently to reduce the oocytes' capacity for oxidative phosphorylation, explaining the ''maternal age effect'' [116] . Specifically for adult children of ADmothers, if maternal transmission of AD involves mtDNA, then affected mothers would have defective oocyte mitochondria since birth and throughout their lives, producing more oxidative stress than a non-affected individual. Giving birth at a later age would further extend the period of time in which these women's oocytes are exposed to large amounts of oxidative stress, which may lead to metabolic deficits in their offspring.
Importantly, in all above studies, no differences were observed between FHm males and females, or between ApoE e4 carriers and non-carriers [81, 114, 115] . Approximately 40 % of all LOAD patients have at least one ApoE e4 allele [117] . Despite its well-established association with AD, the ApoE e4 genotype has no clear familial pattern of transmission and appears to act as a risk modifier, by lowering the age at onset of clinical symptoms, rather than as a casual determinant [7] . CMRglc reductions were observed in NL FHm independent of their ApoE genotype, indicating that other factors contribute to the etiology and phenotypic expression of the disease in FHm. While LOAD does not follow classical Mendelian inheritance, the fact that FHm individuals have an increased risk of developing the disease suggests a genetic component. With all that is known about the genetic and molecular basis of glucose metabolism, FDG PET findings of selectively reduced metabolic activity in NL individuals with AD-affected mothers suggest involvement of mtDNA. As mentioned, mtDNA is exclusively maternally inherited in humans; it is transmitted equally to siblings, and mitochondrial genes are closely involved with glucose metabolism [14] . A defect in the ability to adequately consume glucose to produce energy, due to either inborn or pathology-induced mitochondrial abnormalities, may lead to early neuronal damage in predisposed individuals. Maternally transmitted mtDNA abnormalities, if confirmed, would act as an upstream event in NL individuals with AD-affected mothers, whereas mitochondrial damage secondary to AD pathology would be more likely in LOAD cases caused by factors other than mtDNA changes.
Several studies using biomarkers other than FDG PET have confirmed the association between maternal history of LOAD and presence of AD endophenotypes, in the form of reduced activity of platelet mitochondria COX (Complex IV of the mitochondrial ETC) [118] , reduced Ab 42/40 (reflecting increased sequestration in brain) and increased F 2 -isoprostanes (a marker of lipid membrane peroxidation produced by oxidative stress) in cerebrospinal fluid [119] , reduced gray matter volumes on MRI (i.e., increased brain atrophy) [120] [121] [122] [123] , and increased retention of brain Nmethyl- [ 11 C]2-(4 0 -methylaminophenyl)-6-hydroxybenzothiazol [Pittsburgh Compound-B, PiB [124] , a marker of fibrillar Ab load [125] . On 11 C-PiB PET, NL FHm showed increased and more widespread PiB retention compared with NL FHp and FH- [125] . Hypometabolism exceeded Ab load in association with FHm status in NL and MCI populations [126, 127] . However, FHp subjects also displayed increased PiB retention in the PCC and medial frontal cortex, recording results intermediate between those of FHm and FH- [125] [126] [127] . Hypometabolism exceeded Ab accumulation may, therefore, be regarded as a common susceptibility feature for AD. However, other factors seem to be needed to trigger the ''AD pathway'' resulting in neuronal dysfunction and hypometabolism. Overall, these results indicate that NL FHm express a pathobiological phenotype characterized by Ab-associated oxidative stress consistent with AD, which might reflect an increased risk of developing the disease.
Conclusions
AD is characterized by progressive declines in memory, attention, and language. Often by the time patients express symptoms that warrant evaluation, too much irreversible brain damage has occurred for treatments to be effective. Therefore, it is of paramount importance to identify diagnostic markers, as well as disease mechanisms, for the preclinical stages of the disease when symptoms are not yet apparent. Changes in brain structure and function have been estimated to occur as many as 20-30 years before onset of symptoms in AD. Oxidative stress and increased ROS, which damage cell lipids and can eventually lead to neuronal death, are a natural byproduct of oxidative phosphorylation, which the brain relies on for energy production. As metabolic changes appear to be an early event in AD pathophysiology, FDG PET imaging is an invaluable tool in diagnosing AD thanks to the technique's capability to measure metabolic activity through regional glucose uptake and phosphorylation. Recent FDG PET findings have shown that adult children of AD-affected mothers are more likely to express an AD endophenotype than adult children with a paternal or negative family history of AD. As glucose metabolism is highly regulated by mitochondria and mtDNA is maternally inherited, impaired bioenergetics could be an upstream event in AD in these maternal cases. Identification of biomarker deficits in NL FHm and other at-risk populations would provide a unique opportunity for initiating AD therapies and general preventive interventions years, and possibly decades, prior to the onset of the clinical disease, presumably well before significant neuronal loss occurs. The combination of imaging and tailored genetics may help to clarify whether changes in the nuclear or mitochondrial genome and transcriptome account for pathogenic aging and AD.
